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Large current negative hydrogen ions are extracted from a multicusp ion source with an extraction 
area of 25X44 cm2. By seeding a small amount of cesium vapor into a source chamber, the H- 
current is enhanced to several times larger than that in a pure hydrogen discharge, accompanied by 
a reduction of the electron current and the filling gas pressure. A H- current up to 16 A is obtained 
with a beam energy of 40 keV from 560 extraction holes of 9 mm in diameter each, where the 
current density is 45 mA/cm2. The H- current increases linearly with the input arc power. 
Large current and high current density hydrogen/ 
deuterium negative ion sources have been investigated for 
the next step Neutral Beam Injection (NBI) systems, which 
utilize high-energy beams of more than 100 keV. In this en- 
ergy regime, a multiampere (>lO A) negative hydrogen/ 
deuterium ion source is necessary, because of its high neu- 
tralization efficiency. It is required to inject 20 MW of 
neutral beams with energies of 125 keV (Ho)/250 keV (Do) in 
the Large Helical Device (LHD) project conducted by the 
National Institute for Fusion Science.’ One of the key tech- 
nologies for the LHD-NBI system is to develop the ion 
source that can deliver a H- current of 45 A with a current 
density of 30 mA/cm2. 
Large negative hydrogen ion sources have been devel- 
oped based on the volume production process in a pure hy- 
drogen discharge and a H- current of more than 1 A has been 
obtained in multicusp type sources.2’3 In pure hydrogen dis- 
charges, however, the filling gas pressure is high and it is 
difficult to obtain a high current density of more than 10 
mA/cm’. Recently, it was reported that an enhancement of 
the H- current is induced by seeding a small amount of 
cesium (Cs) vapor into a plasma source.4-6 We have con- 
structed a one-third-scale ion source to develop the LHD- 
NBI injector and investigated the Cs-seeded operation. In 
previous work, a 1.2 A of H- beam with a current density of 
54 mA/cm2 was extracted from the 36 extraction holes in the 
source.7’8 In this Letter, we describe the experimental results 
of a 16 A H- ion beam extraction with a current density of 
45 mA&m2 from 560 holes of 9 mm in diameter. Dependen- 
cies of the H- current on input arc power and filling gas 
pressure are also described. The data are compared with 
those obtained in the 36 holes experiment. 
The schematic view of the ion source is shown in Fig. 1. 
The beam acceleration electrode system consists of four 
grids, each of which has 560 holes of 9 mm in diameter in an 
area of 25 X44 cm2. The plasma grid facing the arc plasma is 
made of molybdenum without water cooling. To reduce elec- 
trons near the extraction holes, water-cooled rod-type mag- 
netic filters are installed in front of the plasma grid, and a 
small wall structure surrounding each extraction hole, which 
is called an EggBox Cell, is placed on the plasma grid.7-9 
Magnetic field strength between the filter rods is 50 G. Per- 
manent magnets are buried in the extraction grid to eliminate 
electrons extracted together with negative ions. 
In order to supply Cs vapor into the source chamber, two 
Cs ovens are attached on an endplate of the chamber through 
a valve. A small amount of Cs vapor, estimated as less than 
100 mg, is seeded once before starting operation, and no 
more Cs is supplied afterward. 
The total H- ion current is measured with a two- 
dimensional (2-D) calorimeter array placed 2.3 m down- 
stream from the plasma grid. The current density at each 
point is calculated from the temperature rise of the calorim- 
eter. The array has a cross shape, and spatial beam profiles in 
both horizontal and vertical directions are measured simulta- 
neously in a shot. The total H- ion current is obtained from 
the profiles. The array is movable in the vertical direction 
and the H- current is collated with that obtained from the 
whole 2-D profile. Permanent magnets are placed in front of 
each calorimeter to remove accelerated electrons. In order to 
confirm that no electron current contributes to the calorim- 
eter signal, electron beams are extracted from the same ion 
source operated in a helium discharge. No temperature rise 
of the calorimeter can be detected in the helium operation. 
Figure 2 shows the dependence of a H- ion current on 
an input arc power P,,, which is determined by the product 
of the arc current, I,,,, and the arc voltage, V,,. The H- 
current obtained in a pure hydrogen discharge is indicated as 
a dotted line in the figure, and it tends to saturate at higher 
P . By Cs seeding, the H- current becomes several times 
layier than that in the pure hydrogen discharge and increases 
linearly with P,,,. The maximum H- current of 16 A is ob- 
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FIG. 1. Schematic diagram of the one-third-scale negative hydrogen ion 
source. The size of the chamber is 37 cm (W)X62.5 cm(H)X18.5 cm (D). 
Here 24 tungsten fi laments of 1.5 m m  in diameter are used in the experi- 
ment. A thin molybdenum liner is attached on the inner wall to avoid Cs 
condensation. 
tamed at Pa,=265 kW, VexI=7.5 kV, I’,,,=33 kV, and an 
operating gas pressure p =0.9 Pa (7 mTorr). The correspond- 
ing current density is also shown in Fig. 2  and reaches 45 
mA/cm2. 
Besides Part, the H- current is influenced by operating 
parameters, such as V,,, and the temperature of the plasma 
grid. When V,,, is fixed, the H- current increases linearly 
with P,,, and then saturates. To avoid current saturation, V,,, 
must be increased from 4 to 7.5 kV. The saturation value 
changes according to the Child-Langmuir V,“(f law. The en- 
hancement of the H- current is influenced by the plasma grid 
temperature. As the temperature is raised, the H- current 
increases. The grid is heated by radiation from the arc dis- 
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FIG. 2. Dependence of the H- current on P,, for several V,,,. Here 
V,,=25-35 kV, p=O.9 Pa. Data obtained in pure hydrogen discharges is 
indicated by a dotted line We,,=3 kV, V,,,=23 kV, p=2.0 Pa). Here, the 
extraction voltage V,,, is applied between the plasma grid and the extraction 
grid, and the acceleration voltage V,,, is applied between the electron sup- 
pression grid and the ground grid. The electron suppression grid is at the 
same potential with the extraction grid. The pulse length is 0.3 s. 
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FIG. 3. Dependence of the H- current onp. Here V,,,=6.5 kV, if,,=25 kV, 
P,,=50 k W  (open triangles), and 100 k W  (open circles). Data obtained in 
pure hydrogen discharges is shown as closed circles (Vex,=3 kV, V,=23 
kV, P,,,=lOO kW). 
charge and reaches about 300 “C during operation. In the 
experiment, V,,, is kept nearly constant at 80 V. Here V,, 
can be slightly changed by adjusting the filament current. In 
the constant P,, operation, the H- current does not change 
when V,, increases above 80 V, while the electron current 
increases with If,,,. 
It is observed that the extracted electron current is re- 
duced by the Cs seeding. The ratio of the extraction current 
I,,, to the H- current, Z,,,/H-, is reduced from 24 to 3 at 
Pa,=100 kW. Here, Zext is the sum of the H- current and the 
electron current. 
Figure 3 shows the dependence of the H- current on the 
filling gas pressure p. In a pure hydrogen discharge, the H- 
current increases with p, as shown by a dotted line in the 
figure. The optimum pressure to obtain the maximum H- 
current increases with P,,. In a Cs-seeded discharge, the H- 
current is enhanced by several times, and the optimum pres- 
sure is reduced to 0.8 Pa and is almost constant, irrespective 
of pa,* 
By using the same ion source, H- ions were extracted 
from 36 holes in the center area by covering the other ex- 
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FIG. 4. Dependence of H- current density on P,,c. Open and closed circles 
are obtained in 560 and 36 holes experiments, respectively. Open circles: 
V,,,=6.5 kV, V,,,=25 kV, p=O.9 Pa. Closed circles: V,,,=6.0 kV, V,,=30 
kV, p=l.O Pa. 
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traction holes7*’ The obtained current densities are compared 
with those in the 560 holes experiment in Fig. 4. Both data 
agree well, which indicates that the ion beams are extracted 
from the whole area uniformly. 
The experimental data are consistent with the physical 
picture that the surface production of negative ions is en- 
hanced by Cs. When Cs vapor is seeded, the work function 
of the inner wall surface becomes low, due to the adsorption 
of Cs atoms. The H- ion density increases due to the en- 
hanced probability of electron capture by hydrogen atoms 
and ions on the cesiated surface. Since the plasma grid tem- 
perature greatly affects the Cs effect, it is suggested that the 
H- ions produced on the plasma grid surface mainly contrib- 
ute to the current enhancement. In the Cs-seeded discharge, 
the H- ion current is observed to increase almost linearly 
with P,,,. This is probably caused by the linear increase of 
hydrogen atoms and protons in the source chamber with the 
input arc power.’ A reduction of the extracted electron cur- 
rent and the operating gas pressure are also observed in the 
Cs-seeded operation. Owing to the quasineutrality condition 
in plasmas, the electron density should be reduced when the 
negative ion density increases. Since the electron tempera- 
ture is high in a low gas pressure regime, the population of 
hydrogen atoms and protons is expected to be high, and 
therefore the H- ion current increases. 
A low operating gas pressure is very important for high- 
energy beam acceleration. The H- ions are easily stripped by 
collisions with neutral molecules. The stripping loss of H- 
ions within the extractor/accelerator structure is estimated as 
24% at a source pressure of 0.9 Pa, where almost 20% of the 
ions are stripped before the acceleration gap. Some of these 
neutrals may have divergent trajectories, such that they do 
not strike the calorimeter. Considering that some neutrals 
with low energy do reach the calorimeter, the current is un- 
derestimated, because the total H- current is calculated, on 
the assumption that all particles have the full energy. It is 
expected that the pressure could be reduced when the plasma 
confinement in the source chamber is improved. 
In conclusion, a 16 A negative hydrogen ion beam is 
extracted with a beam energy of 40 keV from 560 holes of 9 
mm in diameter, which corresponds to 45 mA/cm’ in the 
current density. Here, the operating gas pressure is 0.9 Pa 
and a ratio of the extraction current to the H- current is 3. 
The H- current increases linearly with the input arc power. It 
is necessary to increase V,,, to extract a higher H- current 
according to the Child-Langmuir V3” law. Cs seeding into 
the source chamber results in not only an enhancement of the 
H- current, but also the reduction of the electron current and 
the operating gas pressure. The H- current density and other 
characteristics in the operation are consistent with the data 
obtained in the former 36-holes experiment. 
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